Introduction
Combinatorial RKA libraries have found increasing use for the identification of new ligands and catalysts [1, 2] . The interest in isolating new ribozyme activities has grown tremendously, not only to explore the catalytic potential and the limits of RNA catalysis but also to test the hypothesis that, at some time in the past, life was based on RNA [3] . Consequently, there has been a big effort to expand the scope of RNA catalysis from reactions in which the substrates are nucleic acids to other basic chemical reactions.
The direct selection method has been successfully used to isolate numerous self-modifying RNAs; some of these RNAs have been subsequently engineered to act as true catalysts (for recent reviews, see [4, 5] ).
The Diels-Alder cycloaddition is one of the central reactions in organic synthesis and, despite its minor biological significance, it has often been used in innovative approaches in catalysis research [6-B] . In the context of the 'RNA world' hypothesis, the formation of carbon<arbon bonds would be essential in anabolic pathways. Several laboratories have attempted, with little success, to generate RNA Diels-Alderase enzymes by selecting RNA aptamers against the respective transition-state analogs (e.g., [9] ). Recently, a moderate Diels-Alder reaction catalyst consisting of RNA modified with additional functionalities attached to the nucleobases was reported [lo] . To date, no catalysis of C-C bond formation by unmodified RNA has been described.
To expand our knowledge of RNA catalysis, we designed an in vitro selection scheme to isolate RNA molecules with Diels-Alderase activity ( Figure 1 ). Our strategy involved generating a randomized pool of RNA conjugates in which anthracene as the diene is attached to the individual pool molecules via a long flexible polyethylene glycol (PEG) tether [11, 12] . The resulting pool of anthracene-PEG-RNA conjugates was then incubated with biotinylated maleimide as the Diels-'4lder dienophile to select RNA molecules that catalyze C-C bond formation between the two reactants. We anticipated that the reactive double-bond system of anthracene would be the main position to react with the maleimide. The newly formed biotinylated Diels-Alder product would then be covalently attached to the RNA through the PEG linker. .4fter removal of all nonbiotinylated members of the pool using streptavidin agarose chromatography, active RNA molecules could be amplified and used in iterative selection cycles.
Results

Library construction
We generated a library of RNA conjugates with 120 randomized nucleotides, flanked by ZO-nucleotide constant primer-binding sites. The starting library contained -2 x 10'" sequence variants, and about 50 copies of each species were present. Anthracene-PEG was attached to the 5' end of the RNA molecules by transcription initiation with ternary conjugates of guanosine monophosphate, PEG and anthracene No reaction of the unmodified oligonucleotides was observed under these conditions, supporting our assumption that the anthracene moiety would be the preferred reaction site.
Selection
In the first six cycles of in vitro selection, 25 pM of biotin maleimide was incubated with 500 nM of anthracene-PEG-RNA.
Several potential cofactors, like Lewis acids, metal ions, a dipeptide compound and a dipyridyl compound, were present in the reaction mixture. The incubation time was adjusted to 1 h, so that we could expect about 0.1% conversion due to the uncatalyzed background reaction. Consequently, in the first five rounds of selection we always selected between 0.1 and 0.2% of the library by immobilization on streptavidin agarose. The bound RNAs were reverse-transcribed and amplified using the polymerase chain reaction (PCR). In vitro transcription of the resulting DNA yielded an enriched pool of RNA conjugates that was used as input for the next round of selection. To prevent the enrichment of streptavidin binders, we carried out a preselection against streptavidin agarose prior to the addition of biotin maleimide in every other round of selection. Figure 2 shows the progress of the selection. Apparent rate constants (k,,,) were calculated from the fraction of immobilized RNA in each selection round. In round 6, the fraction of immobilized RNA increased to 14%, indicating a 130-fold rate acceleration. Repetition of this round without anthracene-PEG-GMP initiator nucleotides gave less than 0.1% immobilized RNA, indicating that anthracene is the reaction site. Additionally, spectrometric monitoring of the disappearance of the typical anthracene fluorescence (419 nm) after addition of biotin maleimide demonstrated that the reaction occurs at the chromophoric system, most likely at the conjugated double-bond system in the central anthracene ring.
In rounds 6-10, the selection pressure was gradually increased; in round 10, the reaction time was only 1 min and the maleimide concentration was reduced to 2.5 p?vl. The kapp for the enriched pool in round 10 was 85 M's', which corresponds to a 6500-fold rate acceleration.
Cloning and sequence analysis After round 10, the selected RNA was reverse-transcribed and PCR-amplified, and the resulting DNA was cloned. 55 clones were directly amplified using either the Ml3 forward and reverse primers to produce sequencing templates, or the specific primers used in the selection for the synthesis of individual RNA species by T7 transcription. A total of 42 different sequences were found, 35 of which gave at least a 3000-fold rate acceleration in the fluorescence spectrometric assay (Figure 3 ). 13 sequences accelerated the reaction by more than 15,000-fold. The best selected sequences had a kapp of -240 M-'s-l, corresponding to a l&500-fold rate acceleration.
The most abundant individual sequence was found in six different clones. Primary sequences were highly diverse, and homologies were identified using the clustalw cluster alignment algorithm in the multalin implementation [ 141.
The active sequences could be assigned to eight families, and eight other sequences showed no homologies to each other or to the sequence families. Pair-wise comparison of the consensus sequences of the individual families identified a motif shared by -90% of all active sequences: a pentanucleotide stretch with the sequence UGCCA in conjunction with a hexanucleotide stretch AAUACU. Several minor mutations of these sequences were also observed. For each sequence, the neighborhood of these stretches was pair-wise complementary, suggesting the formation of a double strand with an extended bulge in the middle. In addition, a nucleotide stretch complementary to the 5' constant primer region was found directly upstream of these sequence elements.
These structure proposals were then confirmed by secondary-structure analysis using RNAdraw and RNA structure software [15, 16] . The general motif shared by the majority of the sequences is shown in Figure 4> along with a proposed numbering scheme. The central element is the large bulge comprised of the two consensus sequences UGCCA (Bl) and AAUACU (BZ). Below the bulge, a double-stranded helix (helix II) is formed, which is always 4 base pairs (bp) long. The stem sequences are variable and change pair-wise, but preferences can be noted for each position. Above the bulge, another helix (helix III) is formed with variable length and with occasional mismatches and looped-out bases and bulges. In helix III, we did not detect any sequence preferences. In several clones, right above the bulge is a G,3,,-A,4,, mismatch, leading to an enlarged bulge. In two sequences, we find a C-U mismatch at the same position. The upper ends of helix III are closed by a loop, L2, that is variable in length and sequence.
From helix II, a third helix (helix I) continues in which one strand is formed by at least five nucleotides from the conserved 5'-primer-binding site. The sequence of helix I is therefore rather conserved. Helices I and II are contiguous, and they are likely to be coaxially stacked. The ends of helix I are closed by a loop, Ll, of variable size and sequence. In all sequences containing the motif. the ,5'-terminal GGAG is left unpaired. The first G is the site where the linker-coupled anthracene is attached. so it is likely that this tetranucleotide, together with the linker, positions the anthracene so that it can reach inside the bulge, which might form the active site.
In several clones, secondary-structure analysis suggests a fourth helical region formed by folding back the 3'-terminal primer-binding region onto sequence stretches downstream of nucleotide 21.1. The sequence and length of this helix, its distance from helix II, and the sequence of the spacing region were highly diverse, however, indicating that these parts are not relevant for catalysis. -Moreover, the combination of sequence information and apparent rate constants leads to the following conclusions. Firstly, mutations outside the motif shown in Figure 4 have no influence on the catalytic activity. Secondly, there are no simple relationships between the length, number of mismatches, or thermodynamic stability of helix I and III, and the catalytic rate acceleration. Thirdly, the five sequences with the G-A mismatch at the bottom of helix III (13.1-14.1) seem to be more efficient catalysts than those with the perfect helix. Fourthly, inside the bulge, nucleotides CT,, G,, C,, and C,, in Bl seem to be absolutely conserved, whereas the replacement of A,, by G is tolerated; the replacement & Biology 1999, Vol 6 No 3 Figure 3
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Chemistry & Biology of A,, by G leads to a 75% decrease in activity (compare clone 47 with all other members of group 2); a U,,+C mutation and in one case an A,,-+G mutation are tolerated; and A,,, C,, and U,, are absolutely conserved. Finally, in three sequences, we find an interesting double mutation: A,,+G is accompanied by U,,--+C. In three other cases the A,+G mutation occurs alone, but, interestingly, U,,-+C does not occur alone. This might suggest a base-pairing interaction between these two positions.
Rational design and ribozyme engineering
The information compiled in Figure 3 Figure 3) using nested PCR and T7 transcription, because this medium-activity clone contains a condensed version of the active motif near the 5' end. 39M53 showed the same catalytic activity (81 M-'s-l) as the nontruncated parental sequence 39, supporting our assumptions. Next, we rationally designed minimum structures with increased thermodynamic stability. We eliminated unpaired bases from the helices, and we replaced loops 1 and 2 with the stabilizing tetraloop sequences UUCG. For each position in helix II we chose the preferred nucleotide from Figure 3 . The bottom of helix II was closed by a G7.1-(X1.1 base pair, because this was expected to result in high stabilization when coaxially stacked on helix I [17] . Two different versions were prepared ( Figure 3) ; in 39M57, the 57-nucleotide-long RNA has a 7 bp helix I and a 6 bp helix III, whereas in 39M49 there is a 5 bp helix I and a 4 bp helix III. Both versions accelerated the Diels-Alder reaction almost 2 x faster than their parental sequence with kaPP values of 142 and 144 h,l-'s-l, respectively. The length of the helices, therefore, does not seem to influence the catalytic performance. For these two sequences, the folding algorithm did not propose other reasonable secondary structures, confirming our assumptions about the structure of the active motif.
Kinetic characterization and salt dependence of the 49.mer ribozyme We chose the improved 49 nucleotide RNA 39M49 for further characterization. None of the transition metals, Lewis acids and other cofactors present in the reaction mixture were utilized by the catalyst. The hIgZ+ dependence of the apparent rate constant is shown in Figure 5 , where a hyperbolic profile was observed. With longer RiXXs, high Mg" concentrations often lead to aggregation and precipitation; this was not the case with the 49-mer. however. At 80 miVl Rllgz+, the apparent rate constant was 245 M-is-'. The same rate acceleration was produced with 5 mM Mn2+ or 5 mM MgZ+. Replacement of Mg2+ with 5 mM Ca'+, however, caused a 65% reduction of activity. The monovalent cations were also exchangeable. The presence of 300 mM Na+ or 300 mM K+ gave rate accelerations within 10% of the rate accelerations determined under the selection conditions of 200 mM Na+ and 100 mm K'. These findings suggest that catalysis was achieved in a different way from the catalyst reported by Tarasow eta/.
[lo] where the presence of both copper ions and covalently bound pyridyl moieties were essential.
The high reactivity of biotin maleimide prevented a complete kinetic analysis. Quantitative estimation of initial rates at maleimide concentrations higher than 50 PM requires agreement with the apparent second-order rate constants (k.& measured in the assays.
Tram reaction and true catalysis
To study whether individual ribozymes could act as true catalysts, we first screened all clones and minimum structures in the presence of anthracene-PEG-GMP and biotin maleimide. There was, however, no observable rate acceleration under our assay conditions. We then prepared a 3%mer ribozyme (39M38tr) derived from 39M49 by formally cutting loop 1. A series of substrate oligonucleotide-PEG-anthracene conjugates ranging from 7-l 1 nucleotides in length were prepared, engineered to form double strands with the ribozyme with lengths of 3-7 bp, respectively ( Figure 7 ). Samples were incubated under single-turnover conditions and aliquots withdrawn at the specified time points were analyzed using denaturing polyacrylamide gel electrophoresis (PAGE). At ambient temperature (23"C), 4 bp was the minimum double-strand length required for substrate recognition and efficient catalysis. Figure 8 shows the reaction of SlO (6 bp) with biotin maleimide, catalyzed by 39M38tr under high Mgz+ (80 mM) conditions. From the ratio of the bands, kapp was calculated to be 208 M-%-t, which corresponds to a 16,000-fold rate acceleration and is only 15% slower than the self-modifying reaction of 39M49.
Ribozyme 39M38tr is capable of catalyzing multiple turnovers. Under substrate-saturating conditions, 1.9 turnovers were measured within 4 h after correction for the uncatalyzed reaction (data not shown). This value is rather low, compared with the k,,, values measured for the self-modifying reaction, and therefore indicates that the chemical step (bond formation) is not rate limiting.
Finally, we investigated the chemical nature of the reaction product using matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectroscopy. The product of the S8 trans reaction was purified under similar conditions to those described in Figure 8 , excised from the gel and analyzed. The mass spectrum is shown in Figure 9 , and the resulting m/z value is in exact agreement with the calculated value.
Mechanistic investigations
In order to gain insight into the molecular determinants of substrate recognition, we performed inhibition and competition studies using fragments of biotin maleimide ( Figure 10) . A lOO-fold excess of biotin, ,V,,N'-dibutyrylhydrazine or y-maleimidobutyric acid, over biotin maleimide, was added to the standard fluorescence assay of the self-modifying reaction catalyzed by 39M49. The reaction appeared to be unaffected, however; apparent rate constants were within 10% of the standard reaction. These results suggest a multipoint recognition of biotin maleimide, as was demonstrated recently for a biotin-binding RNA pseudoknot structure [ 181.
To investigate the influence of the tether length, we prepared three different versions of substrate oligonucleotide SlO, in which the tether consisted of 7? 10 or 16 ethylene glycol units, and monitored the reaction with 39M38tr
electrophoretically. The apparent rate constants did not differ significantly from each other (187, 199 and 212 M-%-i, respectively), demonstrating that, in this range, the number of ethylene glycol units is not critical.
Several known ribozymes have been reported that are able to catalyze both the forward and the reverse reactions (e.g., [19] ). To investigate this possibility for the DielsAlderase catalytic motif, we excised the product bands from the gel shown in Figure 8 , and added the desalted conjugates to a reaction mixture containing catalyst 39M38tr in the minimum catalysis buffer under single turnover conditions. No bands with higher electrophoretic mobility were detected, ruling out this possibility (data not shown).
Discussion
The Diets-Alder reaction
We specifically chose the reaction between anthracene and maleimide for a number of reasons. Most importantly, we thought that the completely different overall geometry of reactants and products would facilitate the enrichment of catalysts that are capable of multiple turnovers. Anthracene is planar, in contrast to the 120" angles between the different rings in the Diels-Alder product. A ligand that can bind to anthracene, therefore, should not be able to bind the product except after extensive refolding. Specific RNA sequences might use stacking of anthracene on top of base pairs or base triples, or intercalation for binding, as shown for various RNA aptamers (e.g., [ZO] ). After the reaction, these structures would be unstable. Inhibition and competition studies with fragments of biotin maleimide. Ribozyme 39M49 (500 nM) was dissolved i n minimal reaction buffer (see Figure 6 ), and the reactions were initiated by adding a 1 :lOO mixture of biotin maleimide and the respective analogs shown to give final concentrations of 10 pM biotin maleimide and 1 mM analog. The reactions were monitored using fluorescence spectrometry.
(-), no effect.
Anthracene is very hydrophobic and, without coupling to PEG, is barely soluble in water. In this study, RNA has found a way to utilize this hydrophobic ring system as a substrate in an enzymatic reaction. It might be that this planar, hydrophobic structure interacts more easily with RNA than do the aliphatic dienes tried in other laboratories. The chemically modified RNA catalysts for the reaction between a similar biotinylated maleimide and an aliphatic diene recently reported by Tarasow et al. [lo] were much bigger, had more complex structures and had significantly lower rate accelerations.
The ribozymes
We have identified a considerable variety of new ribozymes capable of catalyzing C-C bond formation. The sequence data compiled in Figure 3 show that we have found 13 highly different ribozymes that share a common secondary-structure motif, which can be traced back to 13 different sequences in the ancestral pool. Point mutations inside the sequence families probably stem from misincorporations during the enzymatic amplification steps. The common motif is highly abundant and must have been present in the starting pool in several thousand variants. The fact that we found 3.5 different active sequences in the 55 analyzed clones indicates that the complexity of the round 10 pool was still rather high, and that many more active species are probably present.
The tram version of the Diels-Alder catalyst (39bf38tr) is only 38 nucleotides long. Oligonucleotides of this size range have been synthesized by mineral-catalyzed random polymerization of nucleotides under assumed prebiotic conditions [Zl] . If RNA molecules of this size can solve complex catalytic tasks without base-pair templating of the respective reactants, similar motifs could have been involved in prebiotically relevant steps, such as the synthesis of nucleotides or cofactors [Z!]. The fact that these motifs have not been found yet, is -in the authors' opinion -solely caused by limitations in the current selection methodology.
It is interesting that the RNA is not selective about cofactors. The ribozyme requires a certain concentration of monovalent and divalent ions, but it can perform its task using a variety of different ions. This property makes the ribozyme functional under very different environmental conditions. In order to increase chances of selecting catalysts, we had added a number of potential facilitators. After the report by Tarasow et al.
[lo], we revised our selection buffer to include Lewis acids and ligands containing pyridyl residues. The sequences isolated in our selection, did not utilize these facilitators, however, indicating that for this particular reaction RNA has found a more efficient solution than general Lewis-acid catalysis.
Although the formation of C-C bonds is central to biochemical pathways, Diels-Alder reactions are not the preferred reaction (nature prefers aldol reactions). Kevertheless, proteins are capable of catalyzing Diels-Alder cycloadditions. Several catalytic antibodies raised against the respective transition-state analogs exhibited DielsAlderase activities and demonstrated remarkable enantioselectivity and mechanistic preferences [6, 7] . The RKA motif described here compares quite well with these antibodies -the rate acceleration is higher and the molecules are considerably smaller. In terms of rate acceleration, the ribozyme catalysts described here belong to the most efficient macromolecular Diels-Alderases known.
The selection methodology
Although direct selection had been applied to numerous self-modifying reactions for several years, its extension to reactions involving two nonRNA reactants succeeded only recently [ 10,231. The attachment of a potential reactant via a flexible polymeric tether allows the ribozyme chemistry to be extended to numerous chemical reactions that were previously inaccessible [24, 25] . In this study, this methodology 
